Recognition memory for single items can be dissociated from recognition memory for the associations between items. For example, recognition tests for single words produce curvilinear receiver operating characteristics (ROCs), but associative recognition tests for word pairs produce linear ROCs. These dissociations are consistent with dual-process theories of recognition and suggest that associative recognition relies on recollection but that item recognition relies on a combination of recollection and assessments of familiarity. In the present study, we examined associative recognition ROCs for facial stimuli by manipulating the central and external features, in order to determine whether linear ROCs would be observed for stimuli other than arbitrary word pairs. When the faces were presented upright, familiarity estimates were significantly above zero, and the associative ROCs were curvilinear, suggesting that familiarity contributed to associative judgments. However, presenting the faces upside down effectively eliminated the contribution of familiarity to associative recognition, and the ROCs were linear. The results suggest that familiarity can support associative recognition judgments, if the associated components are encoded as a coherent gestalt, as in upright faces.
The examination of receiver operating characteristics (ROCs) has played an important role in testing theories of human memory (e.g., Ratcliff, Sheu, & Gronlund, 1992) . In a recent study of recognition memory, Yonelinas (1997) found that item recognition tests (e.g., was this word previously presented?) led to curvilinear, asymmetrical ROCs but that associative recognition tests (e.g., were these two words previously paired together?) led to linear ROCs. These results were predicted on the basis of a dual-process model of recognition, in which recognition memory judgments can be based either on the assessment of familiarity, a process that is well described by classical signal-detection theory, or on the basis of a threshold recollection process, whereby subjects retrieve qualitative information about a previous study episode. If performance relies on recollection and familiarity, as is thought to be the case in item recognition, the model predicts that the ROCs should be curvilinear and asymmetrical. In contrast, if performance relies exclusively on recollection (see, e.g., Clark, 1992; Clark & Gronlund, 1996; Hockley, 1991 Hockley, , 1992 Humphreys, 1978) , the model predicts a linear ROC (see Yonelinas, 1994) .
The finding that associative ROCs were linear suggests that familiarity does not support associative recognition judgments. However, there may be cases in which familiarity can support such judgments. For example, if two items were encoded as a coherent whole (or gestalt), familiarity might be useful in discriminating between studied and rearranged pairs of items. That is, if the two items were encoded as a coherent whole, that whole item, as well as its constituent parts, might increase in familiarity when it was studied. In this way, a repeated pair might be more familiar than a rearranged pair.
To test this hypothesis, we examined associative memory for integrated facial stimuli. Internal facial features (e.g., mouth, nose, and eyes) were paired with external facial features (e.g., hair, chin, and shoulders), as in Fig- ure 1, and we tested subjects' ability to discriminate repeated faces from rearranged faces (i.e., internal features of one studied face presented with the external features of another studied face). The reason for examining associative recognition with parts of faces was that, unlike the randomly selected word pairs that had been previously examined, each face formed a well-integrated whole.
Previous behavioral and neuropsychological data suggest that faces are encoded holistically rather than as separable components (for reviews, see Moscovitch, Winocur, & Behrmann, 1997; Searcy & Bartlett, 1996) . If correct, this means that repeated faces may be more familiar than their individual features, so that later associative judgments should benefit from assessments of familiarity, leading the associative ROCs to become curvilinear.
Faces are particularly useful in the present context because it is possible to control whether faces are treated as coherent wholes or as a conjunction of separate features by presenting faces either upright or upside down. Studies examining the effects of inverting faces have suggested that when faces are presented upright, they are en-coded holistically, but when they are inverted, they are treated as a conjunction of separate features (for a review, see Searcy & Bartlett, 1996) . For example, a subject's ability to make judgments about the relationship between features within a face is impaired when faces are presented upside down, but the ability to make judgments about the individual features is not affected by inversion (see, e.g., Bartlett & Searcy, 1993; Searcy & Bartlett, 1996) . Thus, when a face is studied and tested in an upright orientation, it should be encoded as a coherent whole, rather than as two separate items. This, in turn, should allow familiarity to support associative judgments, and consequently, the ROC should become curvilinear. However, when faces are inverted, they should be encoded as conjunctions of separate parts. Familiarity should then not support associative judgments, and the resulting ROC should be linear.
In the present experiment, recognition ROCs were examined under three different conditions. Subjects were presented with drawings of faces and were instructed to try to remember each face. They were then given a recognition test in which they rated the confidence of their memory responses. In the upright condition, faces were presented in an upright orientation at study and test, and the subjects were required to discriminate between repeated faces and rearranged faces. In the upside down condition, the task was identical, except that the faces were presented upside down at study and at test. In the control condition, faces were studied and tested in an upright orientation, but the test required the subjects to discriminate between repeated faces and completely novel faces. The latter condition was used in order to determine whether the item recognition ROC for the facial stimuli used in the present study was similar to those reported in previous recognition memory studies for words.
The contribution of recollection and familiarity was estimated by fitting a dual-process model to the observed ROCs and by examining the linearity of the ROCs. The estimation method, which is described in the Method section, has been found to provide estimates of recollection and familiarity that parallel those provided by Jacoby's (1991) process dissociation procedure and Tulving's (1985) remember-know procedure (Yonelinas, Dobbins, Szymanski, Dhaliwal, & King, 1996; Yonelinas & Jacoby, 1995) . By estimating the contribution of recollection and familiarity, it will be possible to determine whether familiarity contributes to performance in the associative tests. If familiarity contributes to performance, the parameter estimate for familiarity should be greater than zero. If the faces in the upside down condition are not treated as whole items, familiarity should not contribute to associative performance, and familiarity should be close to zero. In contrast, if the faces are treated as whole items when they are presented upright, familiarity should contribute to performance, and the estimate of familiarity should be greater than zero. The contribution of familiarity was also assessed by conducting a linearity analysis on the observed ROCs. If familiarity does not contribute to performance, the ROC should be linear, and if it does contribute, the ROC should be curvilinear.
METHOD Subjects
Sixty-six undergraduate students from the University of California at Davis participated in the experiment and received extra credit in an introductory psychology course. Fourteen subjects were randomly assigned to each of the three test conditions (upright, upside down, and control). For reasons discussed below, an additional 14 subjects were tested in the upside down condition.
Materials, Design, and Procedure
Colored faces of men, women, and children (see Figure 1 ) were constructed so that the external features (i.e., hair, head shape, ears, and visible clothing) and the central features (i.e., eyes, eyebrows, nose, mouth, and facial markings) could be switched. The faces were approximately 4-6 in. wide and 5-7 in. high when presented on the 15-in. computer monitor.
The subjects first studied 120 faces and were warned that, in the later memory test, the distractors might be composed of parts of the studied faces. Consequently, they were instructed to pay careful attention to the relationships between the components of each face. The subjects viewed each item twice-first, at a rate of one face every 4 sec, and second, after being informed that they were now going to see the same faces for a second study trial, at a rate of 2 sec per face.
The test phase began immediately after the study phase. The subjects made memory judgments, using a 6-point confidence rating scale that ranged from certain it is new (1) to certain it is old (6). The test phase was subject paced, with the subjects indicating their answers by pressing the appropriate numerical key on the computer keyboard. Each subject was presented with 120 test faces (60 repeats and 60 distractors) in a random order. In the upright condition, the repeats were in the study list, and the distractors consisted of rearranged faces from the study list (i.e., the internal features had been studied with another set of external features, and the external features had been studied with another set of internal features). The faces were constructed so that, across subject, each whole face (internal and external features) served equally often as a repeated and as a rearranged face. In the upside down condition, the design was identical, except that the faces were presented upside down during study and test. In the control condition, the distractor faces were completely new faces that had not been presented in the study list. In the test phase, the subjects were informed about the design of the target and the lure items that they would receive.
RESULTS
The ROCs were plotted as a function of response confidence and were fit to a dual-process model, to derive estimates of recollection and familiarity. Justification and empirical support for the model assumptions will be described in the Discussion section. The model assumes that an old item will be accepted as old if it is recollected (R) or if it is not recollected (1 Ϫ R) and if its familiarity exceeds the response criterion. Familiarity is assumed to reflect a Gaussian equal-variance signal-detection process (see Macmillan & Creelman, 1991) . The probability of accepting an item on the basis of familiarity is rep-resented as Φ(d′/2 Ϫ c i ), which represents the proportion of the old item familiarity distribution that exceeds the response criterion (c i ), given that the distance between the old and the new distributions is d ′. The probability of accepting a new item will be equal to the probability that its familiarity exceeds the response criterion [Φ(Ϫd ′/2 Ϫ c i )]. Thus, the hit rate and the false alarm rate can be represented as follows:
These two equations represent performance at one point on the ROC. 1 An ROC with five points requires 10 equations. Assuming that memory (R and d ′) remains constant across the ROC and only the response criterion (c i ) varies, the set of equations can be solved to derive estimates of R and d′. A search algorithm was used to find the best-fitting parameters for these equations by reducing the sum of squared errors between the predicted and the Figure 1 . Examples of facial stimuli used in the study phase (top panels). In the associative test, the distractors were recombinations of studied faces (e.g., the bottom left panel). In the item test, the distractors were new to the experiment (e.g., the bottom right panel).
observed ROC points (see Yonelinas, Kroll, Dobbins, Lazzara, & Knight, 1998) . A log-likelihood estimation method was also used, and it produced very similar parameter estimates.
The average ROCs are presented in Figure 2 , along with the functions derived by fitting the dual-process model to each ROC. An examination of Figure 2 shows that the model provided an accurate account of the ROC data in each condition. An examination of the statistical fit of the model to the average ROCs showed that it accounted for more than 99.3% of the variance in each condition.
The parameter estimates are presented in Table 1 . The parameter estimates based on the average ROCs were similar to the average parameter estimates derived when each subject's ROC was fit to the model, suggesting that the average ROCs were representative of the individual ROCs. An examination of the parameter estimates showed that familiarity contributed to associative recognition judgments when the faces were presented in an upright orientation, but that familiarity did not support performance when the faces were presented upside down. That is, estimates of familiarity were significantly greater than zero in the upright condition [t (13) = 2.12] but were not significantly greater then zero in the upside down condition [t (13) = 0.40].
To further quantify the ROCs, a linearity analysis was conducted, in which the average ROCs were first fit to a linear function, then to a quadratic function. Note that, because the x-and y-axes are arbitrary, and the fit of the quadratic will vary, depending on which axis is regressed onto the other, the quadratic was fit in both directions, and the best of these two fits was used to measure the contribution of the nonlinear component. showing that the ROC was curvilinear. Thus, the linearity analyses supported the conclusions drawn from the dual-process model: Familiarity did not contribute to associative judgments when the faces were upside down (i.e., the ROC was linear), but it did contribute when the faces were upright (i.e., the ROC was curvilinear).
Were the low levels of performance in the upside down condition responsible for the low familiarity estimates in that condition? As recognition performance decreases, the ROC will approach the diagonal. Thus, the ROC will tend to become more linear, and this will produce lower estimates of familiarity. However, inverting the faces led to a significant decrease in familiarity [t (13) = 2.05] but did not influence recollection [t (13) = 0.50], suggesting that, in general, inverting the faces did not make the task more difficult; rather, it selectively reduced the utility of familiarity as a basis for associative judgments.
In any case, in order to determine whether familiarity would contribute to performance in the upside down condition when overall performance was increased, an additional 14 subjects were tested in the upside down condition, and the subjects were then divided into two groups. The 14 subjects with the highest hit-minus-false-alarm score at the highest level of response confidence were included in the high group, and the other 14 subjects were included in the low group.
The ROCs for the high and the low upside down groups are presented in Figure 2 , along with the ROC from the upright condition. An examination of Figure 2 shows that the ROC for the upside down condition was still linear even for the high group. A linearity analysis was conducted on the average ROC of the high group, and it showed that the function exhibited a significant linear component [F(1,3) = 712.13, MS e = 0.0003] and that introducing a quadratic did not improve the fit over that of a linear model [F(1,2) = 11.125, MS e = 0.001], indicating that the ROC was not curved. Importantly, the ROC for this group was close to that of the upright group-in fact, the two functions intersect at the left side of the ROC. Thus, even when the two groups perform approximately equally well, the ROC in the upright condition was curvilinear, and the ROC in the upside down condition was linear.
Most important, the familiarity estimates for the high upside down group (see Table 1 ) did not differ significantly from zero [t (13) = 0.19]. These results are consistent with the previous analysis in showing that familiarity does not appear to contribute to the associative memory judgments when the faces are presented upside down.
There are two potential problems with the preceding linearity analyses. First, the regression analysis assumes that the data points are independent. Because the ROCs are cumulative functions, this assumption is not met. Second, the standard linearity analysis uses a specific curvilinear function, the quadratic, to fit the data, and there may be other curvilinear functions (e.g., exponential) that fit the data better. To address these concerns, we performed a second set of analyses based on the raw frequency data. If the cumulative function is linear with a constant slope, for any given change in the false alarm rate, there will be a proportional change in the hit rate. In other words, the odds of success for each of the confidence levels (excluding level 6, which serves as the intercept) should be constant. If, however, the cumulative function is curvilinear, there will be a change in the odds of success across confidence levels. An examination of the response frequencies showed that there was no effect of response confidence on the odds of success for the original upside down condition [χ 2 (4) = 4.63] or for the high upside down group [ χ 2 (4) = 7.50], showing that the ROCs were linear. In contrast, the odds of success varied significantly across response confidence for the upright [ χ 2 (4) = 15.14] and control [ χ 2 (4) = 190.98] conditions, showing that these ROCs were not linear. Thus, an examination of the frequency counts led to the same conclusions as did the standard linearity analysis reported earlier.
To facilitate comparison of the results with those of previous studies, the ROCs were plotted on z-coordinates. A linear function was fit to each function, to determine the slope and intercept, and then a quadratic was introduced, to determine whether the ROCs were significantly curvilinear. Note that a linear ROC should exhibit a slight Ushape in z space. 
DISCUSSION
When faces were presented in an upright orientation in an associative recognition test, the estimates of familiarity were greater than zero, and the ROC was curvilinear, suggesting that familiarity was used to discriminate between repeated and rearranged faces. In contrast, when the faces were presented upside down, the estimates of familiarity were not greater than zero, and the ROC was linear, suggesting that familiarity was not used to discriminate between repeated and rearranged faces in this condition. This dissociation between the upright and the upside down conditions was also observed when the overall levels of performance were controlled.
The linear associative ROC observed when the faces were upside down replicates previous findings with associative recognition for word pairs (Yonelinas, 1997) . However, the curvilinear ROC observed for the upright faces shows that curvilinear associative ROCs can be observed under conditions in which familiarity was expected to discriminate between repeated and rearranged items.
The ROCs were fit quite well by the dual-process signaldetection model (see Figures 2 and 3 ). An alternative model, the unequal-variance signal-detection model (see Macmillan & Creelman, 1991) , can account for only some of the ROCs. If the unequal-variance model is correct, the ROCs must be linear when plotted in z-space. The z-ROCs for the control and upright conditions were fit quite well by linear functions. However, the z-ROCs for the upside down conditions were U-shaped, indicating that the Gaussian assumption underlying that model was violated.
The results of the present experiment suggest that the distinction between recollection and familiarity is not isomorphic with the distinction between associative and item information (cf. Hockley, 1992; Yonelinas, 1997) . Although it may be the case that associative judgments generally do not benefit from assessments of familiarity, the present results show that there are cases in which familiarity can support such discriminations. These results suggest that if performance on an associative memory test is used as an index of recollection, one should be careful to ensure that the paired items are not treated as coherent wholes. The present results support the notion that faces can be treated as items when they are presented in an upright orientation, but that when they are presented upside down, they are treated as separate sets of features (cf. Searcy & Bartlett, 1996) .
These results may provide insights into the current debate about the ability of amnesics to learn new associations. Several studies have indicated that amnesics exhibit a disproportionate deficit in recollection and that their recognition memory judgments rely primarily on familiarity (e.g., Huppert & Piercy, 1976; Yonelinas et al., 1998) . Moreover, early reports found that amnesics were unable to learn new associations (e.g., Shimamura & Squire, 1989) , suggesting that recollection may be necessary in order to form novel associations. However, more recent studies of humans (e.g., Keane, Gabrieli, Nolan, & McNealy, 1995; Moscovitch, Winocur, & McLachlan, 1986) , rats, and nonhuman primates (e.g., Eichenbaum, Otto, & Cohen, 1994) show that, under some conditions, amnesics can acquire novel associations. This indicates that recollection may not be necessary in order to form novel associations. The present results suggest that earlier studies may have failed to obtain associative learning in amnesics because the associated items were encoded as separate components, rather than holistically.
The present results are consistent with two different models of familiarity: an activation view and an episodic binding view. First, studying a face in an upright orientation may increase the activation of preexisting representations in memory that are similar to that face (e.g., a face may be similar to someone you know), and this increase in activation may be used as a basis for accurate associative judgments. Activation of representations for single components of a face would not be expected to support associative judgments, but it would support item judgments. Inverted faces are not similar to existing facial representations, so they should not greatly influence the activation of existing representations, and familiarity should not support associative judgments. A second possibility is that familiarity may be capable of binding separate features together to create new episodic representations. Thus, as with current global memory models (see Clark & Gronlund, 1996) , new items and new associations are encoded into memory and can serve as a basis for familiaritybased recognition judgments.
Although the results of the linearity analyses converge with the conclusions drawn from the estimates derived with the dual-process model, there are a number of critical assumptions that underlie the model, and it is useful to consider the evidence supporting those assumptions. First, the model assumes that recollection and familiarity are independent. The evidence for this assumption, derived from behavioral studies of healthy humans, has been discussed previously (for a review, see Jacoby, Yonelinas, & Jennings, 1997) , and those points will not be reiterated here. Note, however, that to the extent that the model accurately accounted for the present ROC data, these results provide indirect support for that underlying model assumption. Additional support for the independence assumption comes from event-related potential studies that demonstrate that recollection and familiarity are associated with independent electrophysiological correlates (Düzel, Yonelinas, Mangun, Heinze, & Tulving, 1997) . Further support for the independence assumption comes from single-cell recording studies and from lesion studies of rats and nonhuman primates that show that two regions in the medial temporal lobe (i.e., the hippocampal and parahippocampal regions) subserve two distinct recognition memory retrieval functions (for reviews, see Aggleton & Brown, in press; Eichenbaum et al., 1994) .
A second critical assumption is that familiarity reflects a classical signal-detection process. Most important is that the familiarity distributions are assumed to be normally distributed and old and new item distributions are assumed to have equal variance. We have tested these assumptions by examining recognition memory ROCs of amnesics patients (Yonelinas et al., 1998) . Because these patients have severe deficits in recollection, their ROCs should provide an index of familiarity. Unlike the recognition ROCs of healthy subjects, the amnesics' ROCs were curvilinear and symmetrical, as would be expected if familiarity reflected an equal-variance signal-detection process. Also note that the equal-variance assumption is consistent with some computational models, such as TODAM (Murdock, 1982) .
A third critical assumption is that recollection reflects a threshold retrieval process. What this means is that either subjects will be successful at retrieving information about a prior event or they will fail. Subjects may retrieve many different things about a prior event, only some of which may be useful in a specific test context; however, there will be cases in which they are unable to retrieve any information that supports accurate discriminations. The finding that the ROCs for the upside down faces were linear provides direct support for this assumption. Moreover, the linear ROCs in that condition suggest that, when subjects recollected information about an item, this led to a high-confidence recognition response and that the responses associated with lower levels of response confidence did not reflect any additional memory sensitivity.
One potential limitation to the dual-process model is that it does not explicitly represent false recollections. The model only measures correct recollection: the ability to correctly discriminate between target and lure faces. However, subjects may sometimes falsely recollect faces that were not studied, and this may influence the shape of the observed ROC. False recollection would not greatly alter the shape of the linear ROCs, but it could alter the shape of the curvilinear ROCs. For the linear ROCs, if the subject falsely recollected items, this would increase the false alarm rate and the hit rate by some constant proportion. This would have the effect of shifting the ROC points toward the 1,1 intercept. However, it would not influence the shape of the function, because it intersects the 1,1 intercept. For the curvilinear ROCs, false recollection would also increase the hit and false alarm rates toward the 1,1 intercept, but because the function is curvilinear, it essentially pinches the end points of the ROC together, forcing the function to exhibit an exaggerated inverted U-shape. We have tested several different ways of incorporating false recollection into the model equations, and ROC pinching appeared in each case. Furthermore, an informal examination of several recognition ROCs suggested that the data do sometimes deviate from the model in a manner consistent with the notion that false recollection is occurring. For example, a careful examination of the control ROC in Figure 2 shows that the ROC is slightly more curvilinear than the dual-process model predicts. Whether false recollection plays a significant role in recognition ROCs is not yet clear, but future studies examining the possibility will be informative.
In conclusion, the present study demonstrates that linear and curvilinear associative ROCs can be observed in tests of associative recognition. As with previous experiments using random word pairs, associative judgments for upside down faces led to linear ROCs. However, when faces were presented upright, the associative ROC was curvilinear. Estimates of recollection and familiarity showed that familiarity contributed to associative recognition memory judgments when the faces were upright but did not do so when the faces were upside down. The results suggest that when separate items are treated holistically, assessments of familiarity can support associative recognition memory judgments.
